Introduction {#s0005}
============

Periostin (POSTN) is a multifaced extracellular matrix protein involved in physiologic functions such as bone regeneration, cardiac remodeling, skin response to damages, and kidney development \[[@bb0005]\]. POSTN also participates in many fibrovascular and inflammatory processes that are characteristic of pulmonary and heart fibrosis, chronic kidney and liver diseases, asthma, glaucoma, and retinopathies \[[@bb0005]\]. This protein functions as a scaffold for many other proteins and appears to be a mediator of cell-to-matrix signaling and epithelial-mesenchymal transition, thus favoring cancer progression \[[@bb0010], [@bb0015], [@bb0020], [@bb0025]\]. Several studies showed that POSTN is overexpressed in various types of cancers, and its overexpression is usually associated with aggressive clinical features and poor outcomes \[[@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. In prostate cancer (PCa), we and other authors have showed that POSTN protein overexpression in primary tumors is associated with worse baseline clinical features, shorter disease-free survival (DFS), and reduced overall survival (OS) \[[@bb0050], [@bb0055], [@bb0060], [@bb0065], [@bb0070]\].

In the present integrative analysis, we attempted to identify potential associations between clinical data and POSTN expression at genetic, transcriptional, and proteomic level. In a cohort of patients with metastatic castration-resistant prostate cancer (mCRPC), we also investigated the feasibility to detect POSTN mRNA in circulating tumor cells (CTCs) and POSTN protein in plasma samples in order to explore the association of POSTN expression with clinical outcome in this specific setting.

Results {#s0010}
=======

Periostin in Patients with Prostate Cancer: Results from Large-Scale Datasets {#s0015}
-----------------------------------------------------------------------------

### Periostin Genetic Alterations {#s0020}

We explored the genetic landscape of POSTN in cBioPortal \[[@bb0075],[@bb0080]\] in order to investigate the prevalence and possible correlation or association of POSTN alterations with clinical features and outcomes. The most common alteration in POSTN gene was deep deletion (up to 12% of samples in the TCGA cohort). POSTN amplifications or gains were also detected **(**[Figure 1](#f0005){ref-type="fig"}**)**. We did not find any significant correlation or association between POSTN genetic alterations and clinical features, DFS, or OS (when available) in PCa patients.Figure 1Frequency of POSTN genetic alterations across PCa datasets analyzed by cBioPortal. Deep deletion (blue), amplification (red), and mutation (green). Full description of PCa studies included in the figure is found on <https://www.cbioportal.org/>.Figure 1

### Periostin mRNA Expression {#s0025}

We also investigated the potential correlation and association of POSTN mRNA overexpression with clinical features and outcomes in patients with primary and metastatic PCa. We identified two cohorts of primary PCa with available clinical data (TCGA Firehose Legacy \[[@bb0085]\] and MSKCC cohorts \[[@bb0090]\]). Using X-tile \[[@bb0095]\], we selected a threshold of +1 *z*-scores to identify patients with POSTN overexpression in cBioPortal **(**[Figure 2](#f0010){ref-type="fig"}**)**. In these two cohorts, 6% and 10% of patients, respectively, had POSTN values above +1 *z*-scores. We found a significant association between POSTN mRNA expression and DFS in patients enrolled in the MSKCC cohort.Figure 2Association of POSTN mRNA with DFS in the MSKCC cohort of primary PCa. (A) Kaplan-Meier estimations in patients with POSTN \>1 (purple), \>0-≤1 (gray), and ≤0 (light blue) *z*-scores; (B) X-tile histogram of POSTN values (expressed as *z*-scores ×10) according to number of patients; (C) triangular X-tile plot with the choice of POSTN cutoff (black point); (D) continuous relative risk of disease progression (expressed as hazard ratio) according to POSTN values (*z*-scores cutoffs of 0 and 1 are shown in red lines).Figure 2

Similar results were found in the provisional data of the TCGA Firehose Legacy cohort (Supplementary Figure 1). In the TCGA cohort, we also found a positive correlation of POSTN expression with Gleason score, tumor stage, nodes positivity, and fraction of genome altered (all *P* \< .001) **(**[Figure 3](#f0015){ref-type="fig"}**)**.Figure 3Correlation of POSTN mRNA expression (*z*-scores) with Gleason score (A), tumor stage (B), and nodes positivity (C) in the Firehose Legacy TCGA cohort of primary PCa.Figure 3

In the metastatic samples of SUC2C/PCF cohort (12% of patients with POSTN *z*-scores \>1) \[[@bb0100]\], we found a positive correlation of POSTN mRNA with neuroendocrine prostate cancer (NEPC) score (*P* = .016) and an inverse correlation with androgen-receptor (AR) score (*P* \< .001). No data were available for disease progression in this cohort. No association was found between POSTN RNA expression and OS in primary or in metastatic cohorts, but comparisons were inappropriate given the low number of events.

In order to explore the possible differential expression of POSTN mRNA among nontumoral prostate tissue (NT), primary PCa, and mCRPC, we analyzed the GSE32269, GSE70768, and GSE101607 \[[@bb0105], [@bb0110], [@bb0115]\] datasets by GEO2R tool. POSTN mRNA was significantly overexpressed in mCRPC compared to primary PCa (GSE32269, GSE70768) and, based on AR activity, in non--AR-driven mCRPC compared to AR-driven mCRPC (GSE101607). POSTN mRNA expression decrease was observed in NT tissues in comparison with mCRPC, whereas no significant differences were observed between NT and primary PCa (GSE70768) **(**[Figure 4](#f0020){ref-type="fig"}**)**.Figure 4POSTN mRNA expression in NT, primary PCa, and mCRPC using GSE32269, GSE101607, and GSE70768 datasets. Numbers in brackets are sample analyzed. \*\* *P* \< .01.Figure 4

### Biological Processes Associated with Higher Periostin mRNA Expression in Primary and Metastatic Prostate Cancer {#s0030}

Using the cBioPortal tool, we investigated possible mRNA enrichments in patients with high POSTN mRNA expression in the TCGA and SUC2C/PCF datasets \[[@bb0085],[@bb0100]\]. Separately for each cohort of datasets, we selected the first 100 mRNA with the highest statistically significant enrichment in patients with high POSTN mRNA (\>1 *z*-scores) compared to patients with lower POSTN mRNA expression (≤1 *z*-scores). In patients with high POSTN mRNA expression, we identified an interaction network of 28 mRNAs that were significantly co-expressed with POSTN in both primary and metastatic datasets. This network was visualized by STRING database **(**[Figure 5](#f0025){ref-type="fig"}**)**. The particularly low protein-protein interaction enrichment *P* value (\<1.0e-16) showed that these proteins shared common functions. Gene ontology enrichment analysis revealed that this protein set was tightly involved in extracellular matrix organization, cell adhesion, cell migration, blood vessel development, and morphogenesis, such as collagen, proteoglycans, integrins, and proteases genes.Figure 5STRING protein-protein interaction network of 28 mRNA enriched in patients with high POSTN mRNA expression both in primary TCGA and in metastatic SU2CF/PCF cohorts.Figure 5

### Periostin Protein Expression {#s0035}

To our knowledge, there are no available datasets on POSTN protein expression in PCa patients. However, our group and other authors have investigated the prognostic significance of POSTN protein expression in primary PCa by immunohistochemistry \[[@bb0050],[@bb0055],[@bb0065],[@bb0070]\]. Most studies report that POSTN overexpression correlates with worse clinical features (higher Gleason score and tumor stage), and it is associated with poorer clinical outcome (shorter time to recurrence and OS).

Noninvasive Detection of Periostin in Patients with Advanced Prostate Cancer {#s0040}
----------------------------------------------------------------------------

Forty-eight patients with mCRPC were selected for this exploratory study on patients with mCRPC. The main characteristics of cohort patients are summarized in Supplementary Table 1. The median age was 74 (range 56-84), and the median prostate-specific antigen (PSA) was 33 (0.33-4688). In this explorative cohort, 60.4% of patients have not received prior therapy for mCRPC, whereas 39.6% have been previously treated with two or more lines of treatment for mCRPC, including chemo- and hormone therapy.

### Feasibility of CTC POSTN Evaluation {#s0045}

We investigated the potential detection of POSTN mRNA in CTC from these patients. Of patients analyzed, only two showed detectable levels of POSTN RNA in CTC, and the values were below the threshold of detection method (\<10 cp/ml blood). Therefore, we did not proceed to any further evaluation.

### Prognostic and Predictive Value of Plasma POSTN {#s0050}

We investigated the potential detection of POSTN protein in plasma of mCRPC patients by dot blot technique. The median POSTN optical density (OD) value in the whole cohort was 4.24 (0.11-18.22). The mean value was 5.56 (SE 0.76). We found a positive correlation between plasma POSTN and androgen-receptor variant 7 (AR-V7) positivity (median POSTN OD: 4.45 vs 9.57 in AR-V7- and AR-V7+; *P* = .002). Using X-tile with two cut points, we distinguished three prognostic groups (high, medium, low), and we observed a significant difference in the OS of patients with high versus low POSTN plasma values (*P* = .018) (Supplementary Figure 2). Using one cut point (\>10.4 OD), we also found a significant association with shorter OS in patients with high versus low POSTN plasma values that was confirmed after multivariable analyses, adjusting for significant confounding variables (PSA, treatment line, number of metastatic sites, CTC, and AR-V7 status) **(**[Figure 6](#f0030){ref-type="fig"}**)**. Regarding PSA response to treatments, of 9 patients with high POSTN expression (\>10.4 OD), only 3 (33.3%) reached the PSA50 compared to 23 (59.0%) of those with lower expression (difference not statistically significant).Figure 6Association of POSTN protein plasma values with OS in our cohort of mCRPC patients. Curves are constructed using the Kaplan-Meier estimations. *HR*, hazard ratios resulting from the Cox regression models.Figure 6

Discussion {#s0055}
==========

The most relevant molecular studies on the characterization of primary and advanced PCa have not reported that POSTN gene is a significant determinant of PCa development or progression \[[@bb0120],[@bb0125]\]. In addition, POSTN genetic alterations have not emerged as potential predictors of survival or response to therapies in patients with advanced PCa \[[@bb0100],[@bb0130]\]. A nonlinear relationship often occurs among genetic alterations, mRNA transcripts, and protein expression \[[@bb0135]\]. Given the complex role of POSTN within the tumor microenvironment, the adaptive mechanisms of cancer stroma might be involved in POSTN-mediated cancer progression and might not be related with genetic alterations of POSTN gene.

Our analysis of large-scale datasets supports this assumption. POSTN gene deep deletions were found in up to 12% of patients with primary PCa, but we did not find any correlation or association with clinical data **(**[Figure 1](#f0005){ref-type="fig"}**)**. This observation suggests that genetic alterations in POSTN gene might be secondary events within the context of the tumor mutational burden.

Conversely, we found significant correlations and associations between POSTN mRNA expression and clinical data **(**[Figure 2](#f0010){ref-type="fig"}, [Figure 3](#f0015){ref-type="fig"}**)**. Patients with POSTN-overexpressing primary tumors had higher Gleason score and tumor stage at baseline. These patients also showed significantly shorter DFS compared to patients with lower POSTN mRNA expression. These results are consistent with the data obtained previously at proteomic level in other cohorts by using immunohistochemistry \[[@bb0050], [@bb0055], [@bb0060], [@bb0065], [@bb0070]\]. Our datasets analysis revealed that POSTN is overexpressed in mCRPC compared to primary PCa **(**[Figure 4](#f0020){ref-type="fig"}), and the analysis of metastatic patients included in the SU2C/PCF cohort also showed a positive correlation between POSTN mRNA expression and NEPC score and an inverse correlation with AR score. These observations suggest that POSTN might be overexpressed with the advanced stages of mCRPC when the selective pressure of treatments drives the progression towards a neuroendocrine phenotype \[[@bb0140]\]. Unfortunately, given the low statistical power of available samples with mRNA data, we were not able to explore the association of POSTN with OS.

Our functional enrichment analysis also uncovered an unexpected result **(**[Figure 5](#f0025){ref-type="fig"}**)**. We found that patients with higher POSTN expression --- both in primary and in metastatic cohorts --- shared a common mRNA signature that included several other genes involved in extracellular matrix remodeling, cell adhesion, and morphogenesis. This signature might be important in order to identify early aggressive tumors with upregulation of extracellular-matrix proteins that favor metastases and tumor progression in order to select the appropriate treatment choice \[[@bb0145],[@bb0150]\]. Several preclinical data support the role of POSTN in the epithelial-mesenchymal transition processes and metastatic potential \[[@bb0010],[@bb0020],[@bb0155]\].

In addition to this integrative analysis, we explored the role of POSTN in a cohort of mCRPC patients treated at our Institute. Firstly, we investigated the feasibility to detect the POSTN RNA in CTC isolated with the AdnaTest system. Only two patients in our cohort showed POSTN mRNA expression in CTC (below the threshold of detection method). Although it has been shown that epithelial tumor cells can express POSTN \[[@bb0050],[@bb0070]\], the predominant role of POSTN in the stromal compartment might explain this disappointing result, and our data support the notion that CTCs express low or no levels of POSTN.

Subsequently, the plasma samples from this same cohort of mCRPC patients were analyzed to investigate the feasibility to detect POSTN plasma protein by dot blot technique. Konac and colleagues have recently shown that plasma levels of POSTN are significantly enriched in mCRPC patients compared with healthy controls or with patients affected by benign prostatic hyperplasia \[[@bb0160]\]. In addition, the negative prognostic value of POSTN plasma levels has been also reported in other neoplasms \[[@bb0165], [@bb0170], [@bb0175]\]. In our cohort of mCRPC patients, we found a positive correlation between POSTN levels and AR-V7 positivity. AR-V7 positivity is known to be associated with poor prognosis and with poor response to AR signaling inhibitors in mCRPC \[[@bb0180],[@bb0185]\]. Patients with higher values of plasma POSTN also showed a significantly higher risk of death, which was confirmed after multivariable analyses including CTC and AR-V7 **(**[Figure 6](#f0030){ref-type="fig"}**)**. Our data also provided evidence that POSTN might be a predictor of response to therapies given that only 33% of patients with high POSTN expression reached the PSA50 compared to 59% of those with lower expression. We acknowledge that POSTN is not prostate specific and that these explorative results need validation in a wider and homogeneous cohort. However, we demonstrated that POSTN protein detection in plasma sample is cheap, is feasible, and could have significant prognostic and predictive implications in the advanced stages of PCa.

Conclusion {#s0060}
==========

Our integrative analysis highlights the relevance of POSTN in primary and advanced PCa. The datasets analysis supports the notion that POSTN-overexpressing tumors share a common mRNA signature that includes genes involved in the extracellular matrix remodeling and cell migration. All available data support a strong correlation between POSTN expression and baseline adverse features in primary PCa, namely, high Gleason score and tumor stage. In addition, our results support an association between high POSTN RNA expression and shorter DFS. Although validation studies are needed, our exploratory cohort on mCRPC patients shows that POSTN levels might be useful to predict prognosis and response to therapies also in the setting of mCRPC.

Materials and Methods {#s0065}
=====================

Analysis of POSTN in Large-Scale Datasets {#s0070}
-----------------------------------------

We explored the association of POSTN with clinical features and outcomes of PCa patients using data available on the cBioPortal (<http://cbioportal.org>) \[[@bb0075],[@bb0080]\]. POSTN mRNA cutoffs were identified using X-Tile v3.6.1 \[[@bb0095]\]. GEO2R (<https://www.ncbi.nlm.nih.gov/geo/geo2r/>) was used to evaluate differential expression of POSTN mRNA in normal tissue, primary PCa, and mCRPC using GSE32269, GSE101607, and GSE70768 datasets. Functional clustering and GO enrichment were performed using STRING v11 \[[@bb0190]\].

Analysis of POSTN in Patients with mCRPC {#s0075}
----------------------------------------

We explored the role of POSTN in a cohort of mCRPC patients who were also tested for the presence of CTC, AR-V7, and AR full-length. The inclusion criteria of the patient population and methodology to detect CTC, AR-V7, and AR full-length have been fully described in our previous paper \[[@bb0180]\]. Patients\' blood samples were collected before the start of the first line for mCRPC or after two or more lines for mCRPC. Study protocol and informed consent were approved by the local Ethical Committee (RP505REG2015).

### POSTN mRNA Analysis in CTC {#s0080}

As reported in our prior study \[[@bb0180]\], CTCs were isolated using the AdnaTest Prostate Cancer Select, and mRNA was retrotranscribed using the AdnaTest Prostate Cancer Detect and SensiScript RT kits (Qiagen, Germany), respectively. Polymerase chain reaction products were analyzed on Agilent chip by Bioanalyzer electrophoresis (Agilent Technologies, USA). Custom primers for POSTN mRNA detection in CTC were developed by Bird srl (Rezzato, Italy), whereas primers specific for epidermal growth factor receptor, prostate-specific membrane antigen, PSA, and actin as internal polymerase chain reaction control were used for CTC positivity.

### POSTN Protein Detection in Plasma Samples {#s0085}

Plasma samples from the same patients were tested for POSTN by dot blot assay. For this purpose, 2 ml of blood collected in vacuum tubes containing EDTA was centrifuged at 3000*g* for 10 minutes. Plasma, obtained by supernatant centrifugation at 15,000*g* for 10 minutes to eliminate cells and debris, was aliquoted and stored at −80°C. For dot blot assay, 2 μl of plasma was spotted onto a nitrocellulose membrane; dried in air for 1 hour at ambient temperature; and blocked with 0.15 M NaCl, 10 mM Tris--HCl (pH 7.4), and 0.1% Tween-20 solution containing 3% nonfatty milk. After overnight incubation at 4°C with anti-POSTN (1:1000, Acris, Germany), membrane was washed and incubated with HRP-conjugated anti rabbit IgG antibody (1:2000, Cell Signaling Technology Inc., USA). The signal was revealed using the Immobilon Western Chemiluminescent kit (Millipore Corp., USA). After x-ray scanning with GS800 scanner (BioRad, USA), background subtraction, normalization with positive control spots, and densitometric evaluation of each spot were carried out with Quantity One software (BioRad, USA). Comparison of signal intensity, expressed as OD values, was used to determine relative differences in plasmatic levels of POSTN. More detailed information about the POSTN dot blot assay is provided in the supplementary file.

Statistical Analysis {#s0090}
--------------------

OS and DFS curves were constructed using the Kaplan-Meier method and compared using the log-rank test \[[@bb0195]\]. Cox proportional hazard models were applied to OS data from the cohort of mCRPC \[[@bb0200]\]. A stepwise procedure was used with a significance level of *P* = .05 to retain variables in the model. Hazard ratio (HR) estimates and their 95% confidence intervals were also calculated. All *P* values were two-tailed. PSA50 was defined as a decline of at least 50% in PSA values from treatment start. Student *t* test, and Kruskal-Wallis test were applied to compare groups. The Benjamini-Hochberg FDR correction procedure was used to adjust multiple comparisons in the datasets. The IBM software Statistical Package for Social Sciences version 25.0 for Windows (SPSS Inc., Chicago, IL) was used for data analysis.
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Supplementary Materials The following are available online: Supplementary Figure 1: Association of POSTN mRNA with DFS in the Provisional Firehose Legacy cohort of primary PCa. (A) Kaplan-Meier estimations in patients with POSTN \>1 (gray) and ≤0 (light blue) *z*-scores; (B) X-tile histogram of POSTN values (expressed as *z*-scores ×10) according to number of patients; (C) triangular X-tile plot with the choice of POSTN cutoff (black point); (D) continuous relative risk of disease progression (expressed as HR) according to POSTN values (*z*-score cutoff of 1 is shown in red line). Supplementary Figure 2: Association of POSTN plasma values with OS in our cohort of patients with mCRPC. (A) Kaplan-Meier estimations in patients with POSTN \>10.4 (purple), \>3.2 ≤ 10.4 (gray) and ≤3.2 (light blue) *z*-scores; (B) X-tile histogram of POSTN values (expressed as *z*-scores ×10) according to number of patients; (C) triangular X-tile plot with the choice of POSTN cut-off (black point); (D) continuous relative risk of disease progression (expressed as HR) according to POSTN values (*z*-scores cutoffs of 10.4 and 3.2 are shown in red lines). Supplementary Table 1: Patient Characteristics. Supplementary File 1: Periostin dot blot assay characterization.Image 1

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.tranon.2020.100789>.
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